The aim of the study was to verify whether antibiotics excreted by the normal pancreas are also excreted in human necrotizing pancreatitis, reaching the tissue sites of the infection. Twelve patients suffering from acute necrotizing pancreatitis were treated with imipenem-cilastatin (0.5 g), mezlocillin (2 g), gentamicin (0.08 g), amikacin (0.5 g), pefloxacin (0.4 g), and metronidazole (0.5 g). Serum and necrotic samples were collected simultaneously at diferent time intervals after parenteral drug administration by computed tomographyguided needle aspiration, intraoperatively, and from surgical drainages placed during surgery. Drug concentrations were determined by microbiological and high-performance liquid chromatography assays. All antibiotics reached the necrotic tissues, but with varying degrees of penetration, this being low for aminoglycosides (13%) and high in the case of pefloxacin (89%o) and metronidazole (990%). The concentrations of pefloxacin (13.0 to 23 ,Lg/g) and metronidazole (8.4 ,ug/g) in the necrotic samples were distinctly higher than the MICs for the organisms most commonly isolated in this disease; the concentrations in tissue of imipenem (3.35 ,ug/g) and mezlocillin (8.0 and 15.0 ,ug/g) did not always exceed the MICs for 90% of strains tested, whereas the aminoglycoside concentrations in necrotic tissue (0.5 p.g/g) were inadequate. Repeated administration of drugs (for 3, 7, 17, and 20 days) seems to enhance penetration of pefloxacin, imipenem, and metronidazole into necrotic pancreatic tissue. The choice of antibiotics in preventing infected necrosis during necrotizing pancreatitis should be based on their antimicrobial activity, penetration rate, persistence, and therapeutic concentrations in the necrotic pancreatic area. These requisites are provided by pefloxacin and metronidazole and to a variable extent by imipenem and mezlocillin.
Superinfection of necrotic tissue in the course of acute necrotizing pancreatitis is a decisive prognostic factor with regard to morbidity and mortality (2, 3, 5, 7, 20, 25, 33, 34, 40) .
This has prompted attempts to identify the patients at septic risk (3, 5, 20) , the microorganisms responsible for the superinfection (1), the times of infection in the natural history of the disease (3, 20) , the therapeutic measures to be adopted (1-3, 5, 20, 34) , and possible effective prophylaxis (7, 9, 10, 19, 23, 25, 33) .
The ideal antibiotic for therapy and/or prophylaxis should be targeted at the microorganisms responsible for the septic complications and should reach the infection site in therapeutic concentrations.
To date, several studies have been conducted to evaluate the penetration of various different antibiotics into healthy pancreatic tissue and juice (4, 7-11, 28, 35-38) . None of these studies has been conducted with humans in the course of disease, and to the best of our knowledge, the effective ability of antibiotics to penetrate the infection risk areas has never been assessed.
Such areas of the retroperitoneum are characterized by the presence of necrotic fragments of pancreas and perinecrotic tissues with solid or semisolid consistency, exudate, transudate, pus, enzymes, and pancreatic juice. We defined the combination of these substances as necrotic pancreatic sample (NP), which represents an ideal environment for bacterial colonization.
The aim of the present study was 4 .2), diagnosed on the basis of clinical routine, biochemical, and computed tomography parameters. Samples were collected over a period ranging from day 13 to day 43 after onset of the acute attack. All patients gave their informed consent. Approval of the University Human Research Review Committee was obtained for the study.
Drug administration. In view of the fact that all the patients admitted to the study were seriously ill, the choice of antibiotics was dictated by susceptibility tests rather than predetermined protocol. Gram-negative bacilli (Escherichia coli, Pseudomonas aeruginosa, Serratia marcescens, Acinetobacter spp. in seven patients), gram-positive cocci (Enterococcus faecalis in two patients, Staphylococcus aureus in three patients), and anaerobes (Bacteroides spp. in two patients) were identified in the necrotic samples; in some cases, there were mixed infections, or in other cases, the pathogen microorganisms changed during the course of disease.
Mezlocillin (2 g; Baypen R; Bayer-Leverkusen, Milan, Italy), imipenem-cilastatin (0.5 g-0.5 g; Tienam; Merck, Sharp & Dohme, Rome, Italy), pefloxacin (0.4 g; Peflacin; RhonePoulenc Rorer, Milan, Italy), and amikacin (0.5 g; Bbk8; Bristol Italy Sud, Rome, Italy) were administered to patients in single intravenous (i.v.) doses by 10 to 15 min of infusion. Gentamicin (0.08 g; Gentalyn; Schering-Plough, Milan, Italy) was administered in a 5-min bolus three times a day (t.i.d.). (34) and/or by computed tomography-guided needle aspiration before surgery. In the cases treated with surgical irrigation, the lavages were stopped 24 h before drug administration and NP was obtained by direct aspiration from the drainages. In these cases, the samples consisted of necrotic pancreatic fragments suspended in fluid.
Serum samples and NPs were maintained in an ice bath and processed as soon as possible (generally 20 to 30 min after collection). The various sampling times are given in Table 1 . Serum samples were obtained after centrifugation (1,000 rpm). NP was homogenized and centrifuged (3,000 rpm, 4°C); the supernatant was separated and assayed; the residual material was resuspended in sterile saline, manually homogenized, and then assayed. Samples obtained from patients treated with imipenem were immediately stabilized by addition of a 1:1 mixture of MES (morpholineethanesulfonate buffer, pH 6) plus ethylene glycol in order to reduce possible degradation of the drug (32 After overnight incubation at 37°C, the diameters of the inhibition zones were measured. Antibiotic concentrations were determined in relation to the diameters of the inhibition zones yielded by a standard series of known concentrations of antibiotics in pooled human serum and pancreatic tissue. The standard tissue concentrations were prepared with rat (Charles River) pancreas for ethical and technical reasons. Our patients were treated with antibiotics before surgery, and other pancreatic patients (i.e., pancreatic head cancer) underwent perioperative prophylaxis according to a protocol approved by our Ethical Committee. We consider this method acceptable in view of the reliability of our results.
Standard concentrations of imipenem were obtained in MES-ethylene glycol (1:1 mixture). Standard curves were prepared daily in appropriate specimens by spiking aliquots with the described antibiotics in serum, pancreatic juice, and rat pancreatic tissue. The final concentrations of different antibiotics ranged from 0.03 ,ug/ml (imipenem) to 50 ,ug/ml (amikacin and metronidazole). Standard and samples were processed in the same way as described above and assayed in triplicate. Metronidazole samples were stored at -80°C for 3 weeks and analyzed on the same day. Previous experiments showed that metronidazole at -80°C is stable over a period of 6 months. The sensitivity limits in serum and tissue were the following: 0.03 ,ug/ml for imipenem, 0.1 ,Ig/ml for mezlocillin, 0.5 jg/ml for amikacin, 0.1 ,ug/ml for gentamicin, and 0.2 ,ug/ml for pefloxacin.
The imipenem assay was linear over a range of 0.07 to 40.0 ,ug/ml (r2 = 0.92, correlation coefficient calculated by linear least-square regression); the within-day coefficient of variation was 1.8 and 0.8% for the lowest and highest serum concentrations, respectively, and 0.1% for tissue; the between-day coefficient of variation was 10.5% for the lowest and 4.9% for the highest serum values and 7.9 and 9.8% for the lowest and highest tissue concentrations, respectively. The mezlocillin assay was linear over a range of 0.6 to 20.0 and 35 to 500 ,ug/ml (r2 = 0.92); the within-day coefficient of variation was 4.5 and 1.3% for lowest and highest serum concentrations, respectively; the between-day coefficient of variation was 2.8% for the lowest and 8.6% for the highest serum values. The amikacin assay was linear over a range of 2.5 to 20.0 jig/ml (r2 = 0.91); the within-day coefficient of variation was 2.1 and 4.0% for the lowest and highest serum concentrations, respectively; the between-day coefficient of variation was 9.1% for the lowest and 4.6% for the highest serum values. The gentamicin assay was linear over a range of 2.5 to 20.0 ,ig/ml (r2 = 0.92); the within-day coefficient of variation was 1.9 and 3.3% for the lowest and highest serum concentrations, respectively; the between-day coefficient of variation was 2.9% for theJlowest and 0.3% for the highest serum values. The aminoglycoside assay by TDx shows a limit sensitivity of 0.8 jig/ml for amikacin and 0.2 ,ug/ml for gentamicin; the inter-and intraday coefficients of variation were 1.37 and 1.74% for low and high values, respectively.
The pefloxacin assay was linear over a range of 1.0 to 20.0 ,ug/ml (r2 = 0.91); the within-day coefficient of variation was 0.5% for different concentrations in serum Meziocillin. Two hours after administration, mezlocillin was present in the sera of the three patients studied in concentrations which were still quite high with a little intersubject variability (26.6 to 37.0 ,ug/ml).
The concentrations in NP were different: 0.65 ,ug/g in patient B and 15 ,ug/g in patient H in the material obtained postoperatively from the surgical drainage. In patient H, the concentration in necrotic pancreatic tissue collected intraoperatively was approximately 8 ,ug/g. The tissue-to-serum ratio of mezlocillin is fairly low (0.40 to 0.22), and the concentrations do not always exceed the MICs for potential pathogenic microorganisms. There was clearly a great difference between these two patients. By contrast, it can be seen that in the patient (I) with a pseudocyst communicating with the main duct the penetration was excellent (95.1%); the concentrations attained in the pancreatic juice of the pseudocyst and in serum were similar. Aminoglycosides. Two hours after administration, the concentrations of gentamicin and amikacin in NP were very low and below the MICs for 50% of strains tested for the organisms most commonly present in such infection sites. The degree of tissue-to-serum ratio ranged from 0.037 for amikacin to 0.18 to 0.21 for gentamicin after 2 h of drug administration.
Amikacin, 1.5 h after administration, appeared to be capable of penetrating rapidly into NP, though the concentrations remained low (0.93 ,ug/g).
Similarly, gentamicin administration t.i.d. for a week showed a low degree of penetration into NP (0.18 to 0.21 tissue-toserum ratio).
In patient G, who presented higher levels in serum than patient F owing to lack of a kidney, the penetration did not increase and a trend similar to that of the other patients was observed. The determination of aminoglycoside concentrations by microbiological and immunoenzymatic methods yielded comparable results.
Pefloxacin. After administration of a single dose of 400 mg of pefloxacin, we observed a good penetration into NP (0.89 tissue-to-serum ratio). The NP from patient H presented a substantial number of fragments, which were analyzed after centrifugation, homogenization, and recentrifugation; the drug concentration was 3.75 ,ug/g, which is higher than that determined in the corresponding supernatant. In this case, the NP-to-serum ratio was 1.64.
After repeated administrations of 0.4 g every 12 h for 1 week (patient F), the concentrations of pefloxacin 12 h after the last dose were high both in serum (6.3 ,ug/ml) and in NP (9.3 ,ug/g); 2 h after the administration of the first dose of 400 mg i.v. on the seventh day there were a further rise in levels in serum to 9 ,ug/ml and a parallel rise in concentrations in tissue (13.0 ,ug/g). Following multiple doses, pefloxacin penetration into NP was very high (ratio = 1.44 to 1.48). Necrotic pancreatic tissues collected intraoperatively showed a similar range of values (from 13.3 to 23.0 ,ug/g) after 3, 17, and 20 days of treatment. Levels in tissue and tissue-to-serum ratio were two to four times higher than those obtained after a single dose. The concentrations in tissue in patient M were 14.1 and 23.0 ,ug/g 6 h after the first dose on the 20th day: the highest values correspond to a second sample collected from a different site of the necrosis.
Metronidazole. Following multiple administrations, metronidazole achieved and maintained elevated concentrations in serum and NP. On the seventh day, NP concentrations averaged 4.07 ,ug/g in patient F and 6.3 pug/g in patient G before the first daily dose, which induced double serum levels and high pancreatic concentrations. Higher levels in serum (13.53 ,ug/ ml, patient G, sole kidney) led to a nonproportional increase in metronidazole concentrations in NP (8.48 ,ug/g).
The hydroxymetabolite (OH-MZ) was detected in serum (1.3 ,ug/ml, patient F, and 2.4 ,ug/ml, patient G) and in NP at relatively low levels (1.1 to 1.4 ,ug/g). The degree of penetration into NP was 76% 2 h after metronidazole administration (patient F), while at 8 h, prior to drug administration, the penetration was 87.8% in patient F and 62.6% in patient G. These concentrations and the degree of penetration of OH-MZ into NP were not significantly different from those observed in healthy pancreatic juice (4) .
Multiple-dose administration. Repeated i.v. administration thus seems to enhance penetration of pefloxacin and metronidazole into NP. The penetration of imipenem also appears to be favorably affected: after a single intramuscular administration (patient B), the tissue-to-serum ratio in NP corresponded to 0.04 to 0.05 after 2 and 4 h, but increased to 0.09 after repeated intramuscular administration of 0.5 g-0.5 g t.i.d. for 6 days. The concentrations of the antibiotic in drainage material ranged from 0.29 to 0.89 jxg/g depending upon the dose administered. Thus, in this case, the absolute antibiotic concentration values proved lower than the MICs for numerous pathogens involved in infected pancreatic necrosis.
DISCUSSION
Deaths from acute necrotizing pancreatitis are due in as much as 80% of the cases to late septic complications (40) . Sepsis originates from superinfection of pancreatic and peripancreatic collections which in toto represent an ideal environment for bacterial infection, particularly enteric gramnegative microorganisms (1-3, 34 ). Antibiotic prophylaxis of sepsis due to acute pancreatitis, though appealing (7), has thus far proven uneffective in clinical trials (19, 23) .
On the other hand, the availability of several new broadspectrum molecules, the best knowledge of the bacterial flora involved in pancreatic sepsis, and the evidence that only a few antibiotics can penetrate pancreatic juice and tissue at therapeutic concentrations mandate a critical reappraisal of this issue (4, 7-9, 11, 25, 28, 35-38) . Animal experiments have led to conflicting results (14, (41) (42) (43) (44) (45) ; however, few data have been reported on the behavior of antibiotics during necrotizing pancreatitis in humans. Recently, Buchler et al. (10) reported the drug penetration in perinecrotic vital tissue of eight patients with necrotizing pancreatitis. Our data, obtained from clinical investigation, show that a number of antibiotics penetrate at adequate and therapeutic concentrations into the infection risk areas, that is, into necrotic tissues and fluid collections.
Necrosis and inflammation affect drug penetration to a considerable extent. In these conditions, while the serum drug levels are generally within normal ranges (4, 8, 25, 28, 32) , the physiological interindividual variability is further enhanced by the disease. This is supported by the concentration of antibiotics in necrotic pancreatic tissue compared with nonnecrotic samples. Imipenem concentrations are nearly three times greater in perinecrotic pancreatic tissue than in necrotic samples. Similarly, the mezlocillin levels were higher in pseudocysts than in necrotic fluid.
Other factors of variability should be the number and the consistency of necrotic fragments present in the samples as well as the presence of hemorrhagic component, in which variable contamination with blood is always present. Such contamination may be considered of limited importance considering that drugs with low diffusibility such as aminoglycosides are not present at adequate concentrations in hemorrhagic samples, despite parallel high levels in serum. Hypovolemia, edema, fluid sequestration, and increase in VOL. 38, 1994 on November 6, 2017 by guest http://aac.asm.org/ Downloaded from enzymes are additional variability factors in the course of acute pancreatitis.
The degree of antibiotic penetration in both healthy and necrotic human pancreatic tissue depends mostly on (i) physicochemical properties of the drug (molecular size, structure, polarity, pKa, ionization, lipid solubility); (ii) individual pharmacokinetic characteristics; (iii) presence of necrosis and inflammation; and (iv) administration route and dosage schedules (7, 9, 11) . Since on the basis of the infection trend and consequently of the antimicrobial susceptibility tests, it proved necessary in the same patient to change the therapeutic regimen, we were able to study the degree of penetration of drugs with different physicochemical and pharmacokinetic characteristics in the same NP. In patient H, amikacin is the drug which shows the poorest penetration capacity (0.037 tissue-to-serum ratio), while mezlocillin and pefloxacin show a mild (ratio = 0.4 and 0.2) and good (ratio = 0.89) penetration, respectively. The multiple administration (patient F) determined a similar behavior: gentamicin showed the lowest degree of penetration (ratio = 0.21), and pefloxacin maintained high levels in tissue and enhanced tissue-to-serum ratio (1.44), while metronidazole presented the highest capacity of penetration (ratio = 1.75).
The limited diffusibility of aminoglycosides (12) is also observed in the course of pancreatic necrosis (7, 9) , and this probably depends on their polycationic structure, ionization, and poor intrinsic liposolubility. Low levels in tissue are further diminished by interaction with cell membranes, and macromolecules as well as inflammatory and necrotic components (leukocytes, pus, etc.) (26, 46) . Mezlocillin and imipenem belong to the same class of moderately liposoluble acids and therefore present the same characteristics of penetration into pancreatic juice (8, 15, 38) , as rapid distribution and elimination (27) ; for this reason, the trough concentrations (at 6 h) may be lower than MICs for 90% of susceptible bacteria commonly found in pancreatic infections. How long the concentrations of antibiotic in the infection site remain above the MIC is a decisive factor for the therapeutic efficacy of beta-lactams (16, 18) . Pefloxacin is characterized by good antimicrobial activity against most gram-negative bacilli and a favorable pharmacokinetic profile, with a long half-life and extensive extravascular distribution (21) ; it therefore shows easy diffusion, readily penetrates the cell membranes, and reaches therapeutic concentrations in the necrotic site, i.e., the infection risk area, as well as in pancreatic tissue obtained intraoperatively. The quinolones, which are weak organic lipophilic acids, partition extensively intracellularly (17, 42) and are partly ionized at alkaline pancreatic pH (range, 7.5 to 8.5), causing an iontrapping effect. The size of pefloxacin, the pKa (6.3, 7.6) , and its amphoteric configuration at neutral pH are compatible with the possibility of a gradual release from cells to extracellular fluid or pancreatic juice. Moreover, the mechanisms of pancreatic secretion may influence pefloxacin concentrations in tissue. In addition, at high pH values, drugs such as pefloxacin with piperazine at C-7 are negatively charged and more active in an alkaline environment (43) . The small molecular size of metronidazole, a weak base, and its liposolubility and extensive tissue distribution are very favorable characteristics for maintaining long-lasting concentrations in NP above the MICs for 50% of strains tested for most anaerobic bacteria.
These results may also be modified by the dosage schedules and administration route of antibiotics. According to our experience, the degree of penetration of imipenem and pefloxacin can be improved by using multiple doses and more effective ways of administration. The pefloxacin penetration into pancreatic tissue increased following multiple-dose administration by two to three times the single dose. The i.v. route appeared to be more effective than thie intramuscular route and allowed better penetration with high concentrations in NP at least for imipenem. In the case of aminoglycosides, repeated administrations by i.v. route do not improve their penetration capacity.
Although we have established that a number of antibiotics effectively penetrated into the infected necrosis of the pancreas, the experimental conditions did not allow us to define how they reached the necrotic foci. The latter are known to be isolated at an early stage by vascular microthrombosis phenomena (34) . In our opinion, the pancreatic juice itself might be a useful carrier for the antibiotic in such situations: pancreatic juice leaking via the ductal lesions may presumably reach the parenchymal necrotic focus and thus the infection risk areas. This hypothesis is borne out by the findings that antibiotics with good excretion in pancreatic juice (4, 8, 11, 28, (35) (36) (37) (38) were the same ones which presented adequate penetration into NP (7, 9, 10, 25) . The presence of antibiotics in pancreatic juice is the result of a further membrane passage and depends on blood and/or pancreatic levels, drug characteristics, pH environment, and pancreatic secretion mechanisms. Bicarbonate, electrolytes, enzymes, and proteins as well as some weak organic acids (sulfomerazine) are actively secreted by pancreas (13) . The acinar unit (consisting of almost 200 secretory cells), the anastomoses directly connecting the cytoplasm of adjacent cells, and the paracellular channels make the pancreas a special organ. Fluorescent organic molecules with molecular weight ranging from 300 to 700, ions, metabolites, and nucleotides can pass from cell to cell (39) . Therefore, the antibiotic present in healthy or nonnecrptic pancreatic cells could also gain access to the vicinity of necrotic tissue by intercellular anastomoses, which may represent an alternative route for drainage of secretions during pancreatic disease (24) , or by paracellular pathway (13) or via damaged ducts. Moreover, the lymphatic (6, 14, 30) and/or intestinal (27) and/or peritoneal (22, 29) pathways may constitute alternative routes for the diffusion of antibiotics in the retroperitoneal area.
In order to recommend clinical use, any final assessment of the antibiotics tested must be based on the overall picture of their antimicrobial activity against pancreatic pathogens, degree of diffusibility, attained concentrations, penetration, and persistence in the infection site. These requisites seem adequately provided in the necrotizing pancreatitis by pefloxacin and metronidazole and, to a variable extent, by imipenem and mezlocillin. This evaluation agrees with the conclusions achieved by Buchler and colleagues (10) . These results obtained in relatively few patients are supported by the positive clinical results observed in a larger patient sample. Recently, we found a reduction in the incidence of pancreatic sepsis in acute pancreatitis in a 2-year randomized multicenter clinical trial in 74 patients (33) .
In conclusion, the antibiotics which proved capable of penetrating into the pancreas in physiological conditions maintained this ability in the course of acute disease with a necrotic component. Their use in the prophylaxis of necrotizing pancreatitis appears useful (33) 
